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FOREWORD 
T h i s  document  was p r e p a r e d  by Computer  S c i e n c e s  C o r p o r a t i o n ,  
A p p l i e d  T e c h n o l o g y  D i v i s i o n ,  f o r  t h e  N a t i o n a l  A e r o n a u t i c s  a n d  
S p a c e  A d m i n i s t r a t i o n ,  L a n g l e y  R e s e a r c h  C e n t e r  a t  Hampton ,  
V i  r g i  n i  a .  The work was p e r f o r m e d  u n d e r  c o n t r a c t  Number 
NAS1-17999 .  
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SUMMARY 
T h i s  p a p e r  d e s c r i b e s  t h e  d e v e l o p m e n t  and  usage  o f  an 
a t m o s p h e r i c  A c o u s t i c  S o u r c e  B e a r i n g  E s t i m a t i o n  (ASBE) p rog ram.  
The b a s i s  f o r  t h i s  p r o g r a m  i s  a m a x i m u m - l i k e l i h o o d  m e t h o d  o f  
s p e c t r a l  a n a l y s i s  w h i c h  was f o r m u l a t e d  by  J .  Capon f o r  s e i s m i c  
* 
a r r a y  p r o c e s s i n g .  
P r e s e n t e d  h e r e i n  i s  t h e  m a t h e m a t i c a l  d e v e l o p m e n t  o f  t h e  
A c o u s t i c  S o u r c e  A n a l y s i s  T e c h n i q u e  (ASAT) b e a r i n g  e s t i m a t i o n  
a l g o r i t h m  t h a t  i s  u s e d  i n  ASBE. I n c l u d e d  i n  t h i s  r e p o r t  i s  t h e  
i n p u t  and  o u t p u t  o f  a t e s t  case  t h a t  w a s  u s e d  t o  v a l i d a t e  t h e  
a1 g o r i  thm. 
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INTRODUCTION 
A c o u s t i c  a r r a y  p r o c e s s i n g  e n t a i  1 s t h e  a n a l y s i  s o f  s i g n a l  s 
w h i c h  a r e  c a r r i e d  by  p r o p o g a t i n g  a t m o s p h e r i c  sound waves. These 
waves i m p i n g e  upon an a r r a y  o f  s e n s o r s  f r o m  w h i c h  t h e  r e c e i v e d  
s i g n a l s  a r e  r e c o r d e d  as  p r e s s u r e  v a r i a t i o n s .  Th rough  a r r a y  
p r o c e s s i n g ,  t h e  p r e s s u r e  v a l u e s  c a n  y i e l d  s i g n a l  c h a r a c t e r i s t i c s  
such  as  p o w e r - f r e q u e n c y  s i g n a t u r e  and s o u r c e  b e a r i n g .  
A m a j o r  component  o f  s i g n a l  p r o c e s s i n g  i s  t h e  e s t i m a t i o n  o f  
power  s p e c t r a l  d e n s i t i e s .  Techn iques  w h i c h  h a v e  been  d e v i s e d  t o  
e s t i m a t e  s p e c t r a l  v a l u e s  a r e  d i v i d e d  i n t o  t w o  m a j o r  c a t e g o r i e s  - 
w i  ndow-based and  model  -based.  The f i r s t  c a t e g o r y ,  w i  ndow-based 
methods ,  a r e  n o n - a d a p t i v e  i n  t h e  sense t h a t  a l l  s e t s  o f  d a t a  a r e  
t r e a t e d  a l i k e .  The m o s t  w i d e l y  known and  u s e d  w indow-based  
m e t h o d  i s  t h e  F a s t  F o u r i e r  T r a n s f o r m  (FFT) .  F o r  a s i n g l e  s e n s o r ,  
t h e  FFT w i l l  e s t i m a t e  t h e  p o w e r - f r e q u e n c y  s i g n a t u r e  o f  t h e  s i g n a l  
b e i n g  a n a l y z e d .  From t h i s  s i g n a t u r e ,  e s t i m a t e s  c a n  be made f o r  
t h e  power  s p e c t r a l  d e n s i t y  and a u t o  c o r r e l a t i o n  v a l u e s .  When 
s i g n a t u r e s  a r e  a v a i l a b l e  f r o m  t w o  s e n s o r s ,  e s t i m a t e s  c a n  be  made 
f o r  t h e  c r o s s  power  s p e c t r a l  d e n s i t y  and c r o s s  c o r r e l a t i o n  
v a l u e s .  When a s i g n a l  s i g n a t u r e  i s  r e q u i r e d  as o u t p u t  f r o m  t h e  
e n t i r e  s e n s o r  a r r a y ,  t h e  second c a t e g o r y  o f  s p e c t r a l  e s t i m a t i o n ,  
mode l -based  methods ,  m u s t  be  u t i l i z e d .  
U n l i k e  w indow-based methods,  mode l -based  methods  o f  s p e c t r a l  
e s t i m a t i o n  a r e  c o n s i d e r e d  a d a p t i v e  s i n c e  t h e y  a r e  d a t a  
d e p e n d e n t .  F o r  each  s e t  o f  d a t a  b e i n g  a n a l y z e d ,  t h e  
c h a r a c t e r i s t i c s  o f  t h e  m o d e l - b a s e d  e s t i m a t o r  a r e  a u t o m a t i c a l l y  
a d j u s t e d .  T h i s  a d a p t i v e  c a p a b i l i t y  a l l o w s  much h i g h e r  s p e c t r a l  
r e s o l u t i o n  t h a n  t h e  FFT t e c h n i q u e .  S i n c e  s o u r c e  b e a r i n g  i s  o f  
c r i t i c a l  i m p o r t a n c e  i n  a c o u s t i c  a n a l y s i s ,  t h e  model -based  method  
t h a t  was i n v e s t i g a t e d  i s  t h e  maximum l i k e l i h o o d  me thod  (MLM). A s  
documented b y  Capon1, t h i s  Maxirnum L i k e l i h o o d  M e t h o d  p r o v i d e s  a 
h i  g h - r e s o l u t i o n  e s t i m a t e  f o r  f requency -wavenumber  s p e c t r u m .  The 
MLM a c t s  as a f i l t e r  a t  a s e l e c t e d  f r e q u e n c y  w h i c h  p a s s e s  t h a t  
f r e q u e n c y  u n d i s t o r t e d  and  r e j e c t s  a l l  o t h e r s .  F o r  a p a r t i c u l a r  
f r e q u e n c y ,  t h e  MLM s p e c t r a l  e s t i m a t e s  a r e  a f u n c t i o n  o f  a z i m u t h  
and  a r e  power  l e v e l s  t h a t  a r e  r e c e i v e d  by  t h e  s e n s o r  a r r a y  as a 
w h o l e .  T h e r e f o r e ,  t h e  a z i m u t h  w h i c h  r e s u l t s  i n  t h e  l a r g e s t  power  
l e v e l  i s  an e s t i m a t e  o f  s o u r c e  b e a r i n g .  
B o t h  t h e  M L M  and  FFT methods  o f  s p e c t r a l  e s t i m a t i o n  h a v e  
u n i q u e  q u a l i t i e s  w h i c h  a r e  b e n e f i c i a l  i n  a c o u s t i c  a r r a y  
p r o c e s s i n g .  T h i s  r e p o r t  w i l l  p r e s e n t  t h e  d e r i v a t i o n  and  
i m p l e m e n t a t i o n  o f  A S A T ,  a t e c h n i q u e  t o  e s t i m a t e  a c o u s t i c  s o u r c e  
b e a r i n g  w h i c h  u t i l i z e s  t h e  c a p a b i l i t i e s  o f  each  method.  
TECHNICAL DISCUSSION 
When the FFT i s  used t o  es t imate  each senso r s '  s i g n a l  
s igna ture  the  highest  frequency i n  the  spectrum i s  equal t o  one- 
h a l f  the d a t a  s a m p l i n g  r a t e .  T h i s  c u t o f f  frequency i s  r e fe r r ed  
t o  a s  the N y q u i s t  frequency. A d d i t i o n a l l y ,  the  FFT i s  symmetric 
i n  the  sense t h a t  t he re  a re  a n  equal number of  pos i t i ve  a n d  
negative frequency components i n  the  spectrum. The frequency 
reso lu t ion  o f  the FFT i s  therefore  determined by t h i s  symmetry 
a n d  t h e  Nyquist frequency. For example, i f  L d a t u m  i s  sampled a t  
time i n t e r v a l s  o f  A t  a n d  L datum i s  analyzed by the FFT then: 
Nyquist frequency = 1 / ( 2 A t )  = L / 2  
frequency reso lu t ion  = ( 1 / 2 A t ) / ( L / Z )  = ( L / Z ) / ( L / Z )  = 1Hz. 
I n  order  t o  increase the frequency r e so lu t ion ,  augmenting zeros 
c a n  be added t o  the sampled d a t a .  Using the example given 
previously,  the Nyquist frequency remains 1 / 2 A t  a n d  i f  L zeros 
a re  added t o  the d a t a  then: 
frequency reso lu t ion  = ( 1 / 2 A t ) / ( 2 L / 2 )  = ( L / Z ) / L  = 1 / 2  Hz. 
Thus, the frequency resolut ion h a s  been doubled. A n  a d d i t i o n a l  
b e n e f i t  of t h i s  zero p a d d i n g  i s  t h a t  foldover a l i a s i n g  has been 
reduced. This type of  a l i a s ing  occurs when frequencies  higher 
t h a n  the  Nyquist frequency occur  i n  the  d a t a .  These higher 
frequency components cause power f o l  dover a n d  d i s t o r t  the 
spectrum a t  lower f requencies .  
The mu1 t i-channel processing technique developed by Capon 
a l s o  requi res  spec t r a l  estimates f o r  each sensor.  Unlike the 
3 
FFT, t h e  MLM u t i l i z e s  a b l o c k  a v e r a g i n g  me thod  t o  e s t i m a t e  a 
s i g n a l  I s  s i g n a t u r e .  I n  t h i s  me thod  a samp le  o f  a s e n s o r ' s  
r e c o r d e d  s i g n a l  i s  s u b d i v i d e d  i n t o  b l o c k s  w h i c h  c o n t a i n  an e q u a l  
number o f  datum. The number o f  b l o c k s  m u s t  be  g r e a t e r  t h a n  o r  
e q u a l  t o  t h e  number o f  s e n s o r s .  F o r  an a r r a y  c o n t a i n i n g  M 
s e n s o r s ,  each h a v i n g  a s i g n a l  l e n g t h  o f  L d a t a  p o i n t s  w h i c h  i s  
s u b d i v i d e d  i n t o  N b l o c k s  o f  K p o i n t s  such t h a t  N - > M and L = KN,  
each s e n s o r ' s  b l o c k  a v e r a g e d  s p e c t r a l  e s t i m a t e  i n  t h e  n t h  b l o c k  
a t  a p r e s e l e c t e d  f r e q u e n c y  f i s :  
jm2 nf A t  i = l , .  . . ,M ( 1 )  K ! Ki , m + ( n - l ) K e  -1/2 B i n  = ( K )  m - 1  n = l ,  ..., N.  
The f r e q u e n c y  r e s o l u t i o n  o f  t h e  b l o c k  a v e r a g i n g  me thod  i s  l o w e r  
t h a n  t h a t  o f  t h e  FFT. Whereas t h e  FFT c o u l d  have  a r e s o l u t i o n  o f  
1 Hz or l e s s ,  t h i s  me thod  w o u l d  r e s u l t  i n  a r e s o l u t i o n  o f  o n l y  
l / ( K A t ) .  F o r  example ,  i f  L = l / A t  = 2000, M = 9  and N=10, t h e n  K=200 
and  t h e  b l o c k  a v e r a g e d  f r e q u e n c y  r e s o l u t i o n  w o u l d  be  2000/200 = 
lOHz.  
Once s p e c t r a l  v a l u e s  h a v e  been e s t i m a t e d  f o r  each  b l o c k  i n  
each  s e n s o r ,  t h e  MLM r e q u i r e s  t h a t  a u t o  and  c r o s s  s p e c t r u m  be 
c a  1 c u l  a t e d  by : 
N * 
i , l = l , .  . .M 1 Fil = IT n = l  B i n  ' I n  
where  B*  i n d i c a t e s  comp lex  c o n j u g a t e .  A d i a g o n a l  n o r m a l i z a t i o n  
i s  t h e n  p e r f o r m e d  by d i v i d i n g  F i l  b y  [ F i i F l l ]  '1'. 
v a l u e s  a r e  t h e n  a r r a n g e d  i n  a s q u a r e  m a t r i x  a s :  
These s p e c t r u m  
F1l F 1 2  F 1 3  . F ~ M  
F 2 1  F 2 2  F23  
F 3 1  F32  F33  
F 4 1  
'M1 FMM 
w h e r e  t h e  li i n d e x e d  v a l u e s  b e l o w  t h e  d i a g o n a l  a r e  t h e  c o m p l e x  
c o n j u g a t e s  o f  t h e  il i n d e x e d  v a l u e s  above t h e  d i a g o n a l .  Once 
t h i s  comp lex  v a l u e d  m a t r i x  has been a r r a n g e d ,  i t s  i n v e r s e  m u s t  be 
c a l c u l a t e d .  S i t u a t i o n s  c a n  e x i s t  where  t h e  m a t r i x  i s  s i n g u l a r  
a n d  t h u s  has no  i n v e r s e .  I f  t h e r e  i s  n o t  enough r e a s o n a b l e  d a t a  
i n  each b l o c k  o r  i f  t h e  s i g n a l  i s  t r a n s i e n t  i n  n a t u r e ,  t h e n  t h e  
m a t r i x  w i l l  be s i n g u l a r .  When t h e s e  c o n d i t i o n s  a r i s e ,  t h e  
f r e q u e n c y  u n d e r  s t u d y  and p o s s i b l y  t h e  e n t i r e  d a t a b a s e  w i l l  n o t  
b e  a b l e  t o  be a n a l y z e d  u s i n g  t h e  MLM t e c h n i q u e .  
I f  t h e  i n v e r s e  o f  t h e  s p e c t r u m  m a t r i x  e x i s t s ,  t h e n  t h e  h i g h -  
r e s o l u t i o n  e s t i m a t e  f o r  t h e  f requency -wavenumber  a r r a y  s p e c t r u m  
i s :  
P = [E'R'lE]'l ( 3 )  
where  P i s  t h e  r e a l ,  p o s i t i v e  v a l u e d  power  e s t i m a t i o n  o f  t h e  
s p e c t r u m ;  E i s  a co lumn m a t r i x  whose comp lex  e l e m e n t s  r e p r e s e n t  
s t e e r i n g  v e c t o r s  f o r  each  s e n s o r ;  E' i s  t h e  c o n j u g a t e  t r a n s p o s e  
o f  E ;  and  R ' l  i s  t h e  i n v e r s e  o f  t h e  comp lex  v a l u e d  s q u a r e  m a t r i x  
r e p r e s e n t i n g  t h e  d i a g o n a l  l y  n o r m a l  i z e d  b l o c k  a v e r a g e d  e s t i m a t i o n  
o f  t h e  c r o s s  power  s p e c t r a l  d e n s i t i e s  a t  f r e q u e n c y  f .  Each 
e l e m e n t  o f  t h e  m a t r i x  E i s  o f  t h e  f o r m :  
E ( i )  = e x p [ - j E n f ( X ( i ) C O S B  + Y ( i ) S I N B ) / c l  ( 4 )  
where  f 
c o o r d , n a r e s  o f  s e n s o r  i, B i s  
i s  t h e  speed  o f  sound f o r  t h e  
I m p l e m e n t a t i o n  o f  e q u a t  
a s s u m p t i o n s :  
i s  t h e  f r e q u e n c y ,  X ( i )  and  Y ( i )  a r e  t h e  r e c t a n g u l a r  
t h e  a z i m u t h a l  l o o k  d i r e c t i o n ,  and c 
l o c a l  a t m o s p h e r i c  c o n d i t i o n s .  
on 3 i s  g o v e r n e d  by  t h e  f o l l o w i n g  
1. a n a l y s i s  i s  done on a f r e q u e n c y  by  f r e q u e n c y  b a s i s  
2. t h e  o u t p u t  f r o m  a s e n s o r  i s  a w i d e - s e n s e  s t a t i o n a r y  
d i s c r e t e - t i m e  p a r a m e t e r  random p r o c e s s  w i t h  z e r o  mean 
3 .  t h e  o u t p u t  f r o m  t h e  s e n s o r  a r r a y  c o m p r i s e s  a homogeneous 
random f i e l d  
Under  t h e s e  a s s u m p t i o n s ,  e q u a t i o n  3 c a n  be u s e d  t o  e s t i m a t e  t h e  
b e a r i n g  o f  t h e  s o u r c e  by d e t e r m i n i n g  w h i c h  a z i m u t h  m a x i m i z e s  t h e  
power  P a t  a s e l e c t e d  f r e q u e n c y  f. 
The p r e c e e d i n g  d i s c u s s i o n  has  p r e s e n t e d  a f r e q u e n c y - p o w e r  
s p e c t r a l  e s t i m a t i o n  t e c h n i q u e ,  t h e  FFT,  and a mu1 t i - c h a n n e l  
p r o c e s s i  ng  t e c h n i q u e ,  t h e  MLM. Each t e c h n i q u e  has  q u a l  i t i  es  
w h i c h  a r e  b e n e f i c i a l  i n  a c o u s t i c  a r r a y  p r o c e s s i n g .  Namely, t h e  
6 
FFT has  h i g h  f r e q u e n c y  r e s o l  u t i o n  and a n t i  -a1 i a s i  ng  whereas  t h e  
MLM w i l l  e s t i m a t e  s o u r c e  b e a r i n g .  S p e c t r a l  e s t i m a t e s  o b t a i n e d  
v i a  t h e  MLM were shown t o  be o f  low f r e q u e n c y  r e s o l u t i o n  and 
c o u l d  a l s o  g i v e  r i s e  t o  a s i n g u l a r  m a t r i x .  T h e r e f o r e ,  i t  would 
be a d v a n t a g e o u s  t o  i n c o r p o r a t e  t h e  p o s i t i v e  q u a l i t i e s  of  each  
t e c h n i q u e  i n t o  a u n i f i e d  model. The r ema inde r  of t h i s  p a p e r  w i l l  
p r e s e n t  t h e  ma themat i ca l  development of t h e  ASAT a1 g o r i  t h m  and 
t h e  imp lemen ta t ion  of t h i s  hybr id  model of b e a r i n g  e s t i m a t i o n .  
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DERIVATION OF THE ASAT LOCATION UETHOD 
The high r e s o l u t i o n  power e s t i m a t e  equat ion i s :  
s i n c e  P i a 
P = [E'R'lE]'l 
l a r ,  the  i n v e r s e  o f  t h i  
i / p  = E ' R - ~ E  
mul t ip ly  both s i d e s  by E ' R :  
t i - n  i 
( E ' R ) / P  = E ' R - ~ E ( E ' R )  
mul t ip ly  both s i d e s  by E :  
(EE'R)/P = E E ~ R - ~ ( E E I R )  
s i n c e  P i s  a s c a l a r :  
( E E ' R )  = P E E ' R - ~ ( E E ~ R )  
there fore :  
PEE'R'l = i d e n t i t y  matrix I 
( 7 )  
( 1 0 )  
m u l t i p l y  b o t h  s i d e s  o f  e q u a t i o n  10 b y  R :  
P E E ' R - ~ R  = IR (11)  
t h e r e f o r e :  
P ( E E ' )  = R.  ( 1 2 )  
E q u a t i o n  12  e l i m i n a t e s  t h e  need o f  c o m p u t i n g  t h e  i n v e r s e  o f  
m a t r i x  R.  S i n c e  t h e  i n v e r s e  i s  no l o n g e r  r e q u i r e d ,  m a t r i x  R need 
n o t  b e  computed f r o m  t h e  b l o c k  a v e r a g e d - d i a g o n a l l y  n o r m a l i z e d  
method.  I n s t e a d ,  t h e  m a t r i x  c a n  be o b t a i n e d  f r o m  t h e  F a s t  
F o u r i e r  T r a n s f o r m  v a l u e s .  T h i s  t h e n  a l l o w s  t h e  use  o f  t h e  h i g h e r  
f r e q u e n c y  r e s o l u t i o n  and  a n t i - a l i a s i n g  f e a t u r e s  o f  t h e  FFT. 
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APPLICATION OF THE ASAT LOCATION METHOD 
L e t  t h e  m a t r i x  G r e p r e s e n t  ( E E ' ) ,  m a t r i x  S r e p r e s e n t  t h e  
c r o s s  power  s p e c t r a l  d e n s i t i e s  o b t a i n e d  f r o m  t h e  F a s t  F o u r i e r  
T r a n s f o r m ,  and P, r e p r e s e n t  t h e  power  e s t i m a t e .  E q u a t i o n  12  c a n  
be  r e w r i t t e n  as:  
PwG = S. ( 1 3 )  
S i n c e  P, i s  a s c a l a r  v a l u e ,  e v e r y  e l e m e n t  o f  m a t r i x  S m u s t  e q u a l  
e v e r y  e l e m e n t  o f  m a t r i x  G m u l t i p l i e d  by  P,. T h e r e f o r e ,  P, m u s t  
e q u a l  e v e r y  e l e m e n t  o f  S d i v i d e d  by  each  c o r r e s p o n d i n g  e l e m e n t  o f  
G :  
P w G ( i , j )  = S ( i , j )  => P, = S ( i , j ) / G ( i , j ) .  ( 1 4 )  
I n  p r a c t i c e ,  t h e  v a l u e  o f  P, w i l l  v a r y  s i n c e  t h e  S v a l u e s  
a r e  e s t i m a t e s  o b t a i n e d  f r o m  a s m a l l  segment  o f  s i g n a l  t i m e  
h i  s t o r y .  To a c c o u n t  f o r  t h i s  v a r i a n c e  o f  P,, an  ensemb le  
a v e r a g e d  v a l u e  w i l l  be  used:  
The d o u b l e  summat ion  o v e r  M s e n s o r s  i n  e q u a t i o n  15 i s  
c o n s t r a i n e d  t o  i - j  s e n s o r  c o m b i n a t i o n s  whose s e p a r a t i o n  d i s t a n c e  
i s  l e s s  t h a n  o r  e q u a l  t o  o n e - h a l f  t h e  w a v e l e n g t h  o f  t h e  f r e q u e n c y  
b e i n g  a n a l y z e d .  By a p p l y i n g  t h i s  c o n s t r a i n t ,  s p a t i a l  a l i a s i n g  i s  
1 0  
a v o i d e d .  NSP i s  t h e  number o f  s e n s o r  p a i r i n g s  w h i c h  s a t i s f y  t h i s  
d i s t a n c e  c o n s t r a i n t .  
B e a r i n g  e s t i m a t i o n  c a n  be a c c o m p l i s h e d  b y  u s i n g  e q u a t i o n  1 5 ,  
t h e  ASAT a l g o r i t h m .  
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ASBE PROGRAM FLOW ANALYSIS 
T h e  program which was deve loped  t o  l o c a t e  a c o u s t i c  s o u r c e s  
( A c o u s t i c  Source Bea r ing  E s t i m a t i o n  - A S B E )  can  be a n a l y z e d  i n  
s ix  p a r t s .  
These  o p e r a t i o n a l  components a r e :  
1 )  r e a d  t e s t  s i t e  p a r a m e t e r s  from f i l e  M I K E  
2) r e a d  s e n s o r  o u t p u t  d a t a  from f i l e  T I F T  
3 )  c o n v e r t  s e n s o r  o u t p u t  d a t a  from dynes/sq-cm t o  P a s c a l s  
and apply Hamming window 
4 )  compute c r o s s  power s p e c t r a l  d e n s i t i e s  by F a s t  F o u r i e r  
Transform and compute ensemble a v e r a g e d  v a l u e s  f o r  each 
f r equency  
5 )  l o c a t e  N peak ensemble  a v e r a g e d  v a l u e s  where N i s  t h e  
deg rees  of f reedom (number of s e n s o r s  l e s s  1 )  
6 )  f o r  each peak ensemble a v e r a g e d  v a l u e :  
a )  compute power v a l u e s  a t  r egu la r  i n t e r v a l s  of az imuth  
b )  l o c a t e  t h e  peak v a l u e s  i n  t h e  a z i m u t h a l  power 
a r r a y ,  t h e s e  v a l u e s  g i v e  t h e  a z i m u t h s  from which t h e  
s o u r c e  s i g n a l s  a r e  assumed t o  r a d i a t e .  
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ASBE PROGRAM PARAMETER STATEMENTS 
C e r t a i n  a r r a y s  i n  t h e  ASBE program a r e  d imens ioned  by 
p a r a m e t e r  s t a t e m e n t s .  The use r  s e t  p a r a m e t e r  d e c l a r a t i o n s  a r e :  
Vari  ab1 e D e s c r i p t i o n  
MAXNS i n t e g e r  number o f  s e n s o r  o u t p u t  v a l u e s  t o  r e a d  
N M I K E S  i n t e g e r  number of s e n s o r s  
S P S  r e a l  va lue  f o r  t h e  sampl ing  r a t e  of t h e  d a t a  
( u n i t s :  samples  per s e c o n d )  
D E L A Z  r e a l  va lue  d e f i n i n g  t h e  r e s o l u t i o n  t o  be used 
i n  t h e  azimuth power c a l c u l a t i o n  ( u n i t s :  d e g r e e s )  
ASBE PROGRAU INPUT/OUTPUT 
I n p u t  t o  t h e  ASBE p r o g r a m  c o n s i s t s  o f  t h e  f r e e  f o r m a t t e d  
f i l e  M I K E  and t h e  u n f o r m a t t e d  f i l e  T IFT .  
F i l e  M I K E  d e s c r i b e s  t e s t  c o n d i t i o n s  and c o n t a i n s :  
R e c o r d  V a r i  ab1 es  
1 L A B E L  
2 
3 
4 
5 
N M K , A I R T  
D e s c r i p t i o n  
t e s t  name, maximum o f  80 c h a r a c t e r s  
i n t e g e r  v a l u e  d e f  i n i  n g  number 
o f  s e n s o r s  used, r e a l  v a l u e  
d e f i n i n g  t e s t  s i t e  a i r  t e m p e r a t u r e  
i n  d e g r e e s  F a r e n h e i t  
PEAK1,PEAKF r e a l  v a l u e s  d e f i n i n g  t h e  min imum 
and  maximum v a l u e s  o f  t h e  f r e q u e n c y  
r a n g e  ( h e r t z )  t o  use  i n  t h e  peak 
s e a r c h  
x , y  . .  . .  . .  
c o o r d i n a t e s  f o r  s e n s o r  #1 i n  
f e e t  
s e n s o r  #2 c o o r d i n a t e s  
NMK+3 x , y  s e n s o r  #NMK c o o r d i n a t e s  
N o t e  t h a t  t h e  X , Y  v a l u e s  d e f i n i n g  each  s e n s o r  p o s i t i o n  a r e  
i n  r e f e r e n c e  t o  a s e n s o r  w h i c h  was s e l e c t e d  as t h e  o r i g i n  and has  
a X - Y  l o c a t i o n  o f  (O.,O.). 
F i l e  T IFT  c o n t a i n s  t h e  r e c o r d e d  p r e s s u r e  d a t a  and i t s  
s t r u c t u r e  i s :  
R e c o r d  V a r i a b l e s  D e s c r i p t i o n  
1 I S N  ,NC, (NAM( I ) , I = l  ,NC 1, i n t e g e r  t e s t  s e r i a l  number 
( I U (  I ) ,  I = l , N C ) ,  ( IHD(J  1 ,  i n t e g e r  number o f  c h a n n e l s  
J=1,8)  r e c o r d e d ,  1 0 - c h a r a c t e r  name 
o f  each  c h a n n e l ,  10- 
c h a r a c t e r  u n i t s  name f o r  
each  c h a n n e l ,  8 0 - c h a r a c t e r  
h e a d e r  name f o r  t h e  t e s t  
2 ( C H ( I ) , I = l , N C )  CH(1 ) :  r e a l - t i m e  v a l u e ,  
CH(2)  t h r u  CH(NC): r e a l  
p r e s s u r e  v a l u e s  f o r  NMK 
s e n s o r s  a t  t i m e  CH(1 )  
M A X N S + l  (CH( I )  , I = l , N C )  p r e s s u r e  v a l u e s  a t  e n d i n g  
The f o r m a t t e d  o u t p u t  f i l e  f r o m  ASBE i s  named B E A R I N G .  I t  
t i m e  v a l u e  
c o n t a i n s  a l i s t  o f  p r o g r a m  p a r a m e t e r  v a l u e s ,  an e c h o  o f  i n p u t  
f i 1 e M I K E ,  t h e  c a l c u l a t e d  peak f r e q u e n c i  es and  a s s o c i  a t e d  power  
v a l u e s ,  and t h e  peak a z i m u t h / p o w e r  v a l u e s  f o r  each peak 
f r e q u e n c y .  An example  o f  f i l e s  M I K E  and  B E A R I N G  a p p e a r  i n  
f i g u r e s  2, 3a, and 3b. 
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SAMPLE TEST CASE 
The a c o u s t i c  s o u r c e  w h i c h  was u s e d  t o  benchmark t h e  ASBE 
p r o g r a m  c o n s i s t e d  o f  a s t a t i o n a r y ,  g a s o l i n e  f u e l e d ,  a u x i l i a r y  
power  u n i t  (APU) e q u i p p e d  w i t h  a m u f f l e r .  W i t h  r e s p e c t  t o  t h e  
s e n s o r  a r r a y  o r i g i n  ( s e n s o r  # 5 ) ,  t h e  A P U  was l o c a t e d  a t  120 
d e g r e e s  a z i m u t h  and a t  a d i s t a n c e  o f  50 f e e t .  The s e n s o r  a r r a y  
was c o m p r i s e d  o f  n i n e  B&K h a l f - i n c h  s e n s o r s  a r r a n g e d  i n  t h r e e  
t r i a n g l e s  w i t h  t h r e e  s e n s o r s  i n  each t r i a n g l e .  F i g u r e  1 shows 
t h e  t e s t  s i t e  geomet ry  and s e n s o r  a r r a y  s e t u p .  
S e n s o r  o u t p u t  d a t a  f o r  t h i s  t e s t  was d i g i t i z e d  a t  2000 
samp les  p e r  second f o r  30 seconds.  F o r  t h e  benchmark a n a l y s i s ,  
t h i s  d a t a b a s e  was s e p a r a t e d  i n t o  60 T I F T  f i l e s .  Each f i l e  
c o n t a i n e d  1000 samples  c o v e r i n g  a o n e - h a l f  second  t i m e  b l o c k .  
P a r a m e t e r  s t a t e m e n t s  s e t u p  f o r  t h e s e  60 r u n s  were :  
P a r a m e t e r  V a l u e  
SPS 2000.0 
M A X N S  1000 
N M I K E S  9 
D E L A Z  1 .0  
Each r u n  was e x e c u t e d  on a C o n t r o l  D a t a  C o r p o r a t i o n  C Y B E R  
860 c o m p u t e r  and r e q u i r e d  a p p r o x i m a t e l y  2 . 7 5  seconds o f  C P U  t i m e  
f o r  each f r e q u e n c y  a n a l y z e d .  The i n p u t  f i l e  M I K E  u s e d  i n  t h e s e  
r u n s  i s  shown i n  f i g u r e  2. 
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. 
As a r e p r e s e n t a t i v e  example o f  p r o g r a m  e x e c u t i o n ,  f i g u r e s  3a 
and 3b show o u t p u t  f i l e  B E A R I N G  f o r  t h e  r u n  c o v e r i n g  t h e  f i r s t  
o n e - h a l f  second  o f  d a t a .  A h i s t o g r a m  s h o w i n g  t h e  t y p i c a l  
v a r i a n c e  o f  Pw ( o b t a i n e d  f r o m  e q u a t i o n  15) i s  p r e s e n t e d  i n  f i g u r e  
4. The power  v a l u e s  u s e d  i n  t h i s  p l o t  were  c a l c u l a t e d  u s i n g  a 
f r e q u e n c y  o f  140 h e r t z  and a b e a r i n g  o f  1 2 1  d e g r e e s .  
A p p r o x i m a t e l y  46 p e r c e n t  o f  t h e  s e n s o r  p a i r i n g s  h a d  power  v a l u e s  
t h a t  w e r e  w i t h i n  f 0.6 p e r c e n t  o f  t h e  mean. F i g u r e  5 i s  a p l o t  
o f  t h e  ensemb le  a v e r a g e d  s p e c t r u m  m a g n i t u d e .  I t  i s  f r o m  t h i s  
d a t a  t h a t  t h e  peak f r e q u e n c i e s  u s e d  i n  t h i s  a n a l y s i s  a r e  
s e l e c t e d .  The e i g h t  peaks  s e l e c t e d  f o r  t h i s  r u n  a r e  h i g h l i g h t e d  
by  an a s t e r i s k .  P o l a r  p o w e r - b e a r i n g  p l o t s  f o r  each o f  t h e  e i g h t  
s e l e c t e d  peak f r e q u e n c i e s  appear  i n  f i g u r e  6. A t  each f r e q u e n c y  
t h e  n o m i n a l  d i r e c t i o n  f o r  t h e  maximum power  i s  120 d e g r e e s .  I t  
c a n  be  seen  t h a t  s i d e l o b e s  become more  a p p a r e n t  a t  h i g h e r  
f r e q u e n c i e s .  T h i s  e f f e c t  i s  caused by t h e  s e n s o r  l o c a t i o n s  u s e d  
i n  t h e  t e s t .  As t h e  f r e q u e n c y  i n c r e a s e s ,  more s e n s o r  p a i r i n g s  
a r e  e x c l u d e d  i n  t h e  a n a l y s i s  s i n c e  t h e y  have  s e p a r a t i o n  d i s t a n c e s  
w h i c h  a r e  g r e a t e r  t h a n  o n e - h a l f  t h e  w a v e l e n g t h  o f  t h e  f r e q u e n c y  
b e i n g  a n a l y z e d .  Thus, t h e r e  i s  l e s s  d a t a  t o  use  i n  t h e  b e a r i n g  
e s t i m a t i o n  and t h i s  r e s u l t s  i n  l e s s  d i s c r i m i n a t i o n  o f  t h e  
s i d e l o b e s .  I n  o r d e r  f o r  t h i s  e f f e c t  t o  be  m i n i m i z e d ,  t h e  h i g h e s t  
f r e q u e n c y  w o u l d  have t o  be  known p r i o r  t o  t h e  t e s t  s o  t h a t  t h e  
s e n s o r  a r r a y  c o u l d  be  s i z e d  a c c o r d i n g l y .  
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Figure 1: Test S i t e  Setup 
RECORD CONTENTS D E S C R I P T I O N  
APU WITH MUFFLER 
9 56.0 
50.0 250.0 
-4 .0  0.0 
4.0 0.0 
0.0 - 6 . 9  
- 2 . 0  -3 .4  
0.0 0 .0  
2.0 -3 .4  
0.0 -3 .4  
-1 .0 - 1 . 7  
1 .o -1 .7 
l a b e l  
number o f  s e n s o r s ,  
a i r  t e m p e r a t u r e  ( d e g r e e  F a r e n h e i t )  
f r e q u e n c y  r a n g e  ( h e r t z )  
X - Y  c o o r d i n a t e s  f o r  
s e n s o r  1 ( f e e t )  
X - Y  c o o r d i n a t e s  f o r  
s e n s o r  2 ( f e e t )  
X - Y  c o o r d i n a t e s  f o r  
s e n s o r  3 ( f e e t )  
X - Y  c o o r d i n a t e s  f o r  
senso r  4 ( f e e t )  
X - Y  c o o r d i n a t e s  f o r  
senso r  5 ( f e e t )  
X - Y  c o o r d i n a t e s  f o r  
senso r  6 ( f e e t )  
X - Y  c o o r d i n a t e s  f o r  
senso r  7 ( f e e t )  
X - Y  c o o r d i n a t e s  f o r  
senso r  8 ( f e e t )  
X - Y  c o o r d i n a t e s  f o r  
senso r  9 ( f e e t )  
F i g u r e  2: I n p u t  F i l e  M I K E  
***** RUN D I R E C T I V E S  ***** 
PROGRAM PARAMETER STATEMENT SETS THE SAMPLES PER SECOND = 2000.0 
PROGRAM PARAMETER STATEMENT SETS THE AZIMUTH RESOLUTION (DEG) = 1.0 
PROGRAM PARAMETER STATEMENT SETS THE NUMBER OF DATA POINTS = 1000 
PROGRAM PARAMETER STATEMENT SETS THE NUMBER OF MICROPHONES = 9 
CASE LABEL : APU WITH MUFFLER 
NUMBER OF MICROPHONES : 9 
A I R  TEMPERATURE (DEG F) : 56.0 
SEARCH FOR FREQUENCY PEAKS WITHIN RANGE OF 
MICROPHONE COORDINATES : 
50.0 TO 250.0 HERTZ 
M I C  # 1 X : -4.0 Y :  0.0 
MIC # 2 X : 4.0 Y :  0.0 
M I C  # 3 X : 0.0 Y :  -6.9 
M I C  # 4 X : -2.0 Y :  -3.4 
M I C  # 5 X : 0.0 Y :  0.0 
M I C  # 6 X : 2.0 Y :  -3.4 
M I C  # 7 X : 0.0 Y :  -3.4 
MIC # 8 X : -1 .o Y :  -1.7 
M I C  # 9 X : 1 .o Y :  -1.7 
***** T I F T  DATA PROCESSING ***** 
SERIAL NUMBER : 15 
NUMBER OF CHANNELS : 10 
HEADER : A/C TRACKING/LANGLEY TEST NO. AC RUN NO. 5 
CHANNEL 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
NAME 
TIME 
M I C l  
MICP 
M I C 3  
MIC4  
M I C 5  
MIC6  
MIC7  
M I C 8  
MIC9 
UNITS 
SECONDS 
DYNES /CM2 
DYNES/CM2 
DY NESICME 
DYNES/CME 
DYNES/CM2 
DYNES/CME 
DYNESICME 
DYNES/CMZ 
DYNES/CME 
START T IME = 20999.6812 END TIME = 21000.1807 
F i g u r e  3a: O u t p u t  F i l e  B E A R I N G  
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***** PEAK SEARCH RESULTS ***** 
PEAK # FREQUENCY (HZ) SOUND PRESSURE LEVEL (DB) 
. 
140.0 
116.0 
93.0 
163.0 
209.0 
186.0 
233.0 
70.0 
56.5 
56.1 
54.1 
51.9 
51.3 
50.7 
49.7 
47.5 
***** SOURCE LOCATION RESULTS **** 
FREQUENCY (HZ) # PEAKS AZIMUTH (DEG) POWER (DB) 
140.0 2 121.0 56.4 
300.0 52.0 
116.0 3 122.0 56.0 
341.0 48.9 
244.0 48.9 
93.0 1 121.0 54.1 
163.0 1 120.0 51.9 
209.0 3 121.0 51.2 
347.0 47.5 
254.0 47.3 
186.0 2 118.0 50.9 
251.0 45.7 
233.0 3 120.0 49.5 
254.0 46.6 
348.0 46.6 
70.0 1 119.0 47.5 
F i g u r e  3b: O u t p u t  F i l e  B E A R I N G  ( c o n t . )  
, 
50 
tn YO 
z 
e 
U e 
U 
U 
L, 
0 
8 -1.2 
PERCENT 
Figure 4: Pw Variance 
2 .Y 3 - 0  
2 2  
L * 
* 1 
* 
* 
* * * 
J 
II 
l l l l l l l l l l l l l l l l l l l l l l l ,  
Figure  5: Spectrum Magnitude 
(*: Peak Power) 
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Figure 6:  Source Bearing 
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CONCLUDINSG REMARKS 
. 
T h i s  p a p e r  has  p r e s e n t e d  t h e  m a t h e m a t i c a l  d e r i v a t i o n  o f  a 
new a c o u s t i c  s o u r c e  b e a r i n g  e s t i m a t i o n  method,  t h e  ASAT 
a l g o r i t h m ,  and  d e s c r i b e d  t h e  a c o u s t i c  a r r a y  p r o c e s s i n g  c o m p u t e r  
p r o g r a m ,  ASBE,  w h i c h  was d e v e l o p e d  t o  u s e  i t .  By i n c o r p o r a t i n g  
t h e  h i g h  f r e q u e n c y  r e s o l u t i o n  o f  t h e  F a s t  F o u r i e r  T r a n s f o r m  (FFT)  
and  t h e  b e a r i n g  e s t i m a t i o n  c a p a b i l i t y  o f  Capon 's  Maximum 
L i k e l i h o o d  M e t h o d  (MLM), A S A T  w i l l  e s t i m a t e  t h e  b e a r i n g  o f  an 
a c o u s t i c  s o u r c e  w h i l e  m i n i m i z i n g  t h e  e f f e c t s  o f  f o l d o v e r  a l i a s i n g  
and  s p a t i a l  a l i a s i n g .  U n l i k e  t h e  MLM, A S A T  does n o t  r e q u i r e  t h e  
i n v e r s e  o f  t h e  s e n s o r  a r r a y ' s  c r o s s  power  s p e c t r a l  d e n s i t y  
m a t r i x .  T h i s  f e a t u r e  a l l o w s  t h e  a n a l y s i s  o f  d a t a  w h i c h  may y i e l d  
a s i n g u l a r  m a t r i x .  
i i s i n g  t h e  A S B E  prog ram,  a benchmark t e s t  c a s e  c o n s i s t i n g  o f  
6 0  r u n s  was a n a l y z e d  and t h e  r e s u l t s  show a h i g h  a c c u r a c y  i n  
l o c a t i n g  t h e  sound  s o u r c e .  P o l a r  b e a r i n g  p l o t s  f r o m  t h e  f i r s t  
r u n  show how s i d e l o b e s  became more a p p a r e n t  when a s u b s e t  o f  t h e  
s e n s o r  d a t a  was u s e d  i n  t h e  a n a l y s i s .  S i n c e  t h e  h i g h e s t  
f r e q u e n c y  t o  be  a n a l y z e d  i s  u s u a l l y  n o t  known, t h i s  s i d e l o b e  
e f f e c t  i s  an a c c e p t a b l e  a1 t e r n a t i v e  t o  d e l e t i n g  t h o s e  f r e q u e n c i e s  
w h i c h  c r e a t e  s p a t i a l  a l i a s i n g .  
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